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(54) LED lamp 

(57) An LED lamp includes blue and red LEDs and 
a phosphor The blue LED produces an emission at a 
wavelength falling within a blue wavelength range. The 
red LED produces an emission at a wavelength falling 
within a red wavelength range. The phosphor Is pho- 
toexcited by the emission of the blue LED to exhibit a 
luminescence having an emission spectrum in an inter- 
mediate wavelength range between the blue and red 
wavelength ranges. 
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Description 

BACKGROUND OF THE INVENTION 

[0001] The present invention relates to a light-emitting diode (LED) lamp and more particularly relates to an LED 
white light source. 

[0002] An LED is a semiconductor device that can produce an emission in a brilliant color highly efficiently in spite 
of Its very small size. And the emission produced by an LED has an excellent monochrt)matic peak. To produce white 
light by diffusing and combining the emissions of multiple LEDs, a color mixing process Is needed. For example three 
LEDs, each producing an emission at a wavelength In the red, green or blue range of the visible spectrum (which will 
be herein called red, green and blue LEDs, respectively), should be placed closely to each other. However, each of 
these LEDs has an excellent monochromatic peak. Accordingly, the white light produced by mixing these colors with 
each other is often uneven. That is to say, where the emissions in the three primaty colors canndt be combined together 
in a desired manner, the resultant white light will be uneven. To eliminate this problem of color unevenness a technique 
of producing white light by using a blue LED and a yellow emitting phosphor in combination was developed as disclosed 
in Japanese Laid-Open Publication No. 10-242513, for example. 

[0003] According to the technique disclosed in this publication, white light is produced by combining the emission 
produced by the blue LED with the luminescence that is exhibited by the yellow emitting phosphor when photoexcited 
by the emission of the blue LED. In this case, white light is obtained using only one LED. Accordingly, the problem of 
color unevenness, typically observed where multiple different types of LEDs closely disposed are used to oroduce 
white light, is avoidable. 

[0004] In the prior art, LEDs have been mainly applied to display devices. For that reason, the use of multiple LEDs 
in combination as a white light source (or general illumination lamp) has not yet been researched and developed 
sufficiently. Where LEDs are used for a display device, just the light emitted spontaneously from the LEDs should have 
Its properties optimized. However, where LEDs are used in combination as a lamp, the white light, with which an object 
will be Illuminated, should have its color rendering perfomiance adjusted as well. And in the current state of the art 
no one has ever succeeded in developing an LED lamp with optimized color rendering performance. 
[0005] It is tme that the LED disclosed in the above-identified publication can contribute to producing white light 
However, we found that the following problems arise where the LED and yellow emitting phosphor are used in combi- 
nation as an LED lamp. Specifically, the known LED lamp produces white light by utilizing the emission of the blue 
LED and the luminescence of the yellow emitting phosphor. Thus, the spectral distribution of the light produced by the 
LED lamp lacks the emission spectrum for red spectral components covering a wavelength range of 600 nm or more 
In that case. If the blue LED with the phosphor is used as an Hluminator or backlight, the red spectral components of 
the object Illuminated cannot be reproduced sufficiently In addition, since the white light is short of the red spectral 
components, it is difficult to make an LED white light source with a relatively low correlated color temperature We 
found It hardforthe known white light LED lamp to have a general color rendering index Ra exceeding about 85 even 
where the light produced by the lamp has such a color as requiring relatively high con-elated color temperature (i e 
even if the white light may short of red spectral components). If the white light is appraised by a special color rendering 
index R9, indicating how brilliant the color red illuminated by the light source look to the human eye, then the red color 
reproducibility of the white light is obviously poor, e.g., the special color rendering index R9 is as low as about 50 
[0006] To compensate for lack of the red emission spectmm covering the wavelength range of 600 nm or more we 
also modeled a modified LED lamp that further included a red emitting phosphor in addition to the blue LED and yellow 
emitting phosphor as disclosed in the publication identified above. However, such a lamp results in very low energy 
conversion efficiency, because the red spectral components are made up for by getting the red emitting phosphor 
piiotoexcited by the emission of the blue LED. That is to say, producing a red emission with the blue emission means 
a long conversion wavelength, thus considerably decreasing the energy conversion efficiency in accordance with the 
Stokes- law. As a result, the LED lamp will have its luminous efficacy decreased too much. Thus, it is not practical to 
add a red emitting phosphor to the blue LED and yellow emitting phosphor. 

so SUIVIIMARY OF THE INVENTION 

[0007] It is therefore an object of the present invention to provide an LED lamp with good color reproducibility and 
high luminous efficacy. ' ' 

[0008] An LED lamp according to the present Invention Includes blue and red LEDs and a phosphor The blue LED 
produces an emission at a wavelength falling within a blue wavelength range. The red LED produces an emission at 
a wavelength falling within a red wavelength range. The phosphor is photoexcited by the emission of the blue LED to 
exhibit a luminescence having an emission spectrum in an intemiediate wavelength range between the blue and red 
wavelength ranges. 
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[0010] In another embodiment of the present invention, the blue LED may produce the emission ataoeakwavetennth 

SSlCr nln Zh' '"T?"" «t « peak «ave.ength of between sfo and 5^ nm ° 

[001 1] In sun another embodiment, if the LED lamp has a correlated color temperature of 5000 K or more and If color 

LED mav orlT^r °' " "^'"^ ^ reconstituted daylight source as a standa^Tou^ f^l blue 

LED may produce the emission at a peak wavelength of between 450 and 460 nm the red LED mav nSu^L h! 

P)012] In an alternative embodiment, if the LED lamp has a correlated color temperature of less than 5000 K and if 
^^nr. ?H '^-P ^PP-'-'^ -'"9 a blackbody source as a standarrsou^^e the rod LED 

may produce the emission at a peak wavelength of between 615 and 650 rim and the phosphor may exh brt the l^mf 
nescence at a peak wavelength of between 545 and 560 nm may exnioit the lumi- 

trell^r^ed^T^^^^^^^^^ 

InVAl 1" ^'^ Particular embodiment, the control means may be a variable resistor 

Iss nL tt?.H?pn'^"'; ''t.""' " '''^'^'^^ P™^"'^^^ ^-^'^^i"" « peak wavelength of between 455 and 
465 nm, the red LED preferably produces the emission at a peak wavelength of between 620 and B^n nm tnw!^ 
Phosphorpreterably exhibits the luminescence at a peak wavelength.of be^n S^Tand 550 nm 

T.lJnV^::cTce2r°^ preferably either a YAG phosphor or a phosphor doped with Mn 

" Swh^p^trrerb^^^^^^^^^^ 

in°J!iLIl!f"' T^.ZT" ^T'"'"^ phosphor is preferably either a YAG phosphor or a phosphor doped with at least 
ro020 in 1^^^^^^^ """'""''"S ^' Mn as a luminescence center ' 

- s^^l JenXe --EDs and the phosphor may be ^tegKated together within a 

SohL ^V*"^^ "^^^^ "^^^^ "'"^ P™^"'^®^ t'l^ «'"'ssion thereof and a site at which the red LED 

produces the emission thereof may be both located in a single chip 

LE°i^ilh,'T' another embodiment, an LED light source, which Includes the blue LED and the phosphor and another 
as h5.?i^^^°"'''^''"'^'"'^'"9^^«^«'^LED.maybeseparatefy ^ pnor, and another 

f?siiyrj™Ti^^^^^^^^ 

j?odid'LrthTc;r '^"^ ^"^^^^^ '"^^'^'^^ ^ ^•'^ -"-^'^^ "^''^ 

[0025] An LED lamp according to the present invention includes a red LED and can compensate for lack of th» roH 
em«s.on spectrum covering a wavelength range of 600 nm or more without decreSng riumtous eff icrro' the 
^hilJ^rn::;:^^^^^^ ^ - P-^- -h^e .ight^^h good coTr z^u^z 

LT®' "^a^'^ P®^" '*«^®'e"g»'is of the blue and red LEDs and phosphor are between 450 and 470 nm 

?uShTl "1' ^"'^ -«P-t-o'y. an LED lamp with got^color rlproduS^fe 
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BRIEF DESCRIPTION OF THE DRAWINGS 
[0027] 



FIG2raTr^!!SmnIl™r'^^^^ 

FIG. 2 IS a graph illustrating a schematic spectral distribution of the LED lamp shown in FIG 1 '"mention. 
FIG. 3 .s a graph 1 lustrating another schematic spectral distribution of the LED lamp shown in FIG 1 

i*!^'^" J^o""^*'"^ ^" ^P^'^' '''stribution of the LED lamp shown in FIG. 1 

F I s .^hrr"r f '^9'^fP*'^ illustrating various otherspectral distributions of the LED lamp shown in FIG 1 
FIG. 6 schematically illustrates a circuit for an LED lamp that can produce light In variable colors 
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FIG. 7 is a chromaticity diagram of the LED lamp shown In FIG. 1 . 

FIG. 8A is a graph illustrating a spectral distribution of the LED lamp shown in FIG. 1 with optimized coior repro- 
ducibility where the lamp has a correlated color temperature of 3000 K; and 
FIGS. 8B and 8C are graphs illustrating Its gamut ratios Ga and Ga4, respectively. 
5 FIG. 9A is a graph illustrating a spectral distribution of the LED lamp shown in FIG. 1 with optimized color repro- 

ducibility where the lamp has a correlated color temperature of 5000 K; and 
FIGS. 98 and 9C are graphs illustrating Its gamut ratios Ga and Ga4, respectively 

FIG. 10A is a graph illustrating a spectral distribution of the LED lamp shown in FIG. 1 with optimized color repro- 
ducibility where the lamp has a correlated color temperature of 6700 K; and 
10 FIGS. 10B and 10C are graphs illustrating Its gamut ratios Ga and Ga4, respectively. 

FIGS. 11A through 11C are graphs each illustrating relationships between the peak wavelength (nm) of the red 
LED chip shown in FIG. 1 and the Ra index. 

FIGS. 12A through 12C are graphs each illustrating relationships between the peak wavelength (nm) of the red 
LED chip shown in FIG. 1 and the Ra index. 
15 FIGS. 13A through 13C are graphs each Illustrating relationships between the peak wavelength (nm) of the red 

LED chip shown in FIG. 1 and the Ra index. 

FIGS. 14A through 14C are cross-sectional views illustrating respective process steps for fabricating a single LED 
bare chip that produces red and blue emissions. 

FIGS. 15A through 15C are cross-sectional views Illustrating various cross-sectional structures for LED bare chips 
20 according to a third embodiment of the present invention. 

FIGS. 16A through 16C are cross-sectional views illustrating various other cross-sectional structures for LED bare 
chips according to the third embodiment. 

FIGS. 17A through 17C are cross-sectional views illustrating various other cross-sectional structures for LED bare 
chips according to the third embodiment, 
25 FIGS. 1 8A through 1 8C are cross-sectional views Illustrating various other cross-sectional structures tor LED bare 

chips according to the third embodiment. 

FIG, 19 schematically illustrates an arrangement for an LED lamp array according to a fourth embodiment of the 
present invention. 

FIG. 20 schematically illustrates an arrangement for another LED lamp array according to the fourth embodiment. 
30 FIG. 21 schematically illustrates a stnjcture for a lamp unit according to a fifth embodiment of the present invention. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

[0028] Hereinafter, preferred embodiments of the present invention will be described with reference to the accom- 
35 panying drawings, In which each member with substantially the same function will be identified by the same reference 
numeral for the sake of simplicity of description. 

EMBODIMENT 1 

40 [0029] FIG. 1 schematically Illustrates a structure for an LED lamp 100 according to a first embodiment of the present 
Invention. As shown in FIG. 1, the lamp 100 includes blue LED chip 11, red LED chip 12 and phosphor 13, which is 
photoexcited by the emission of the blue LED chip 11 to exhibit a luminescence. 

[0030] The blue LED chip 11 may be a GaN-based blue LED chip, for example. The red LED chip 12 may be an 
AllnGaP-, GaAsP- or GaAIAs-based red LED chip, for example. In the illustrated embodiment, the GafsJ-based blue 

45 LED chip is a blue LED bare chip Including a light-emitting layer made of a GaN compound, while the red LED chip is 
a red LED bare chip Including a light-emitting layer made of an AllnGaP, GaAsP or GaAIAs compound. In any case, 
each light-emitting layer made of any of these compounds is the site at which the associated LED produces its emission. 
[0031] The phosphor 13 exhibits a luminescence having an emission spectrum In an intemnediate range between 
the blue and red wavelength ranges of the blue and red LED chips 1 1 and 12. The phosphor 13 is photoexcited by the 

50 emission of the blue LED chip 11 to exhibit a luminescence in any color between green and yellow. Preferably, the 
phosphor 13 Is either yellow or green emitting phosphor. It should be noted that the luminescence exhibited by the 
phosphor 13 may naturally be fluorescence but also be phosphorescence as well. 

[0032] FIG. 2 schematically Illustrates a spectral distribution of the light produced by the LED lamp 100. In FIG. 2, 
the abscissa indicates the wavelength, while the ordinate indicates the luminous intensity. As shown in FIG. 2, the 
55 spectral distribution of the LED 100 includes blue (B) and red (R) emission spectra 21 and 23 and emission (G-Y) 
spectrum 22 in any color between green and orange (e.g., yellow). The B spectrum 21 represents the emission of the 
blue LED chip 11. The G-Y spectrum 22 represents the luminescence that is exhibited by the phosphor 13 when 
photoexcited by the emission of the blue LED chip 1 1 . And the R spectrum 23 represents the emission of the red LED 
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chip 12. 

[0033] As shown in FIG. 2, the spectral distribution of the LED lamp 1 00 includes the emission soectrnm 9-^ «f r«H 
spectral components In addrtion to the emission spectra 21 and 22. Accordingly, thf la^ 00 J^^^ 
wh.te l-ght because the red emission spectrum covering the wavelength range of 600 nm or more wJich tSe whSiS 
produced by the known LED lamp has been shor, of, is supplemented." The red emission wIThe sSrum^^^^^^^ 
the luminescence exh.t,,ted by a red emitting phosphor when photoexcited by the emission of the blurLED 1 1 buUs 
produced from the red LED chip 12 itself. Accordingly, the lamp 100 does not have its luminous efficacy deLr;Lld 
As descnbed above, where red emission should be produced using the emission of the blue LED ch^H theZp 
will have Its luminous efficacy decreased considerably in accordance with the Stokes' law because the b ue ImiS 
must be converted into the red emission at a very long wavelength. In contrast, the lamp 100 can get the ed emS on 
InH i^'' . ^^r'^^T' ^""^""^ '^^'P Thus, the lamp loS can produce white Ugh^fth 

Eorif^snt'^ ---'ngr 

!h?n "'^r ^'"'^^'""^ «'"h tl^^ spectra 21 , 22 and 23 shown In FIG. 2 should get produced directly from 

^J^fjTT "^'^ "^'^ it difficult'o diffuse and rlix the 

.^spechve colored em«s.ons wrth outstanding monochromatic peaks in such a manner as to produce the desired whfte 

SI "-^^ '^^ °' embodiment uses the luminescence, exhibited by the phosphorTs when 

photoexcted by the emission of the blue LED 11 . to make the intermediate spectrum 22 exist betwLn the spectra 21 

thesoeSrill Slan.?,' ^^T^f' '^-«'«t--°n- compared to the situation where the Imlsio"^^^^^ 

the spectra 21 22 and 23 are directly produced from three LED chips, it is much easier to diffuse and mix the cobrs 

^^^^""^ " ^-^^^^ ^-'-^ -^^^ "^^^ —s much r^u^err 

ol"^ "'"^ '''"P^ 1 1 and 12 and the phosphor 13 can be characterized by the peak wavelenqths 

of th«.r emiss on specSra 21, 23 and 22. In the illustrated embodiment, the blue LED chip 11 has a peak wIvSl 
of 500 nm or less, while the red LED chip 12 has a peak wavelength of 600 nm or more. A blue-greerLED chio w^h 
a peak wavelength of 540 nm or less, for example, may also be used as the blue LED chip 11 Sus the "blue LeS 
blue-light-emitting diode) chip" herein comprises a "blue-green LED (or blue-green-l^ght-ernrng c^od^rchfe^ 

I'rn oTtSe^r grL^L^^^^^^^^^^^ ''^^^'^ ^^^'^ ^^""^ « photrrteyhTL 

^^'Si^2lTlTZl^.T ^ P«f *«^«'^"9th fallingbetween the peak wavelengths of the blue and red LED chips 
540 and 590 nm more preferably between 550 and 590 nm. On the other hand, if the phosphor 13 is a gTeen erSt^na 
and 560 nm ' ""'"""'^ ""^^^^ ^"'^ Prefe^L-y'bet^^een 

10037] Where the G-Y spectrum 22 is broadly distributed as shown in FIG. 3, a definite peak of luminescence does 
not always have to exist between the B and R spectra 21 and 23. In that case, the spectrum ^ rme ph^hor 13 
rnay also be characterized by detem^ining a virtual peak wavelength between the B and R spe^r^ 27and73 Then 
thewrtualpeakwavelengthmaybeto^^^^^ 

wit^^ "^T"^"^ '1^'"' *° '"^ "'"^ ^"'^ '^'^ "-^^ °^*P^ and phosphor 13 are integrated together 

wrthin a single envelope in the LED whrte light source (or LED lamp) 100. Specifteally the blue and redTED S lT 
and 12 are placed on a plate-like (or cup-like) pedestal 17. which is an integral part of a eadframe 14 ^nd the phosphor 
3 covers the blue and red LED chips 11 and 12 on the pedestal 17. The lamp 100 may be modified in various r^anne^ 
Ac^Sin^h, r h''' K '^.r ' '--inescence when photoexcited by the eLsion of the blue LED^hip 11 

?ro?rTdVED%tTo;"2T^^^^^^^^^ 

[0039] The lower end (i.e., lower temiinal) of the blue LED chip 11 is in contact with the pedestal 17 and is eiectricallv 
connected to a lead 14a included in the leadframe 14. On the other hand, the upper end (i e upper ter^iinah onie 
blue LED chp 11 is electrically connected to another lead 14b via a bonding wire 15. The lower end ofT red LED 

LeS llnT T^'^ "'^'^^"'^^"y t° '-ad 14a. The upper end of the red 

Sn, ^. -'^^"'^^"y connected to still another lead 14c via another bonding wire 15 

t?™ ^ "'"Sfated embodiment, the anodes and cathodes of the LED bare chips 11 and 12 are disposed on 
J LTh^ """T^" °' "''P"'^ ' ^"^ ' 2- '^««'"««^«'y. each LED bare chip may have its anode and cathoS 

fom,ed on the upper or lower surface thereof. Each of these LED bare chips 11 and 12 can be prepared by a know" 
L^n!Llt ''yf.r ^ light-emitting layer for the LED on a substrate. Also, in the illustrated e^odLenrZ 
LED chips 11 and 12 are electrically connected to the leadframe 14 by a wire bondinq techniaue AtemaZiS' h! 

[0041] The leadframe 14 ,s electncally connected to an external circuit (e.g.. lighting circuit) not shown in RG. 1 
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When power is supplied to thie lamp 100 through the leadframe 14 to energize the blue and red LED chips 11 and 12, 
the lamp 100 produces white light with Its red spectral components supplemented. Also, by regulating the power sup- 
plied to the lamp 100 through the leadframe 14, the lamp 100 can have its brightness controlled. 
[0042] The pedestal 17 on which the blue and red LED chips 1 1 and 12 are mounted, the bonding wires 15 and parts 
5 of the leadframe 14 are molded together with a bulletlike transparent plastic encapsulant 16. The plastic encapsulant 
16 may be epoxy or silicone resin, for example. The plastic encapsulant 16 does not have to be formed in the illustrated 
bullet shape, but may be parallelepiped like a chip for a surface mount device (SMD). 

[0043] In the integrated LED lamp 100 shown In FIG. 1, the lead 14a is used in common for the blue and red LED 
chips 11 and 12 and those chips 11 and 12 are mounted on the same pedestal 17. Accordingly, the blue and red LED 

10 chips 11 and 12 can be coupled together thermally. Then, it is easier to control the temperature characteristics of the 
lamplOO becausethese chips 11 and12can be used at substantially equal temperatures. Otherwise, i.e., if four leads, 
not including the common lead 14a shown in FIG. 1, were used and if the blue and red LED chips 11 and 12 were 
mounted on two of the four, it would be necessary to control the temperature characteristics of the blue and red LED 
* chips 11 and 12 independently. This is because the LED chips 11 and 12 are semiconductor devices, and show mutually 

15 different temperature dependence during their operations. In contrast, where the blue and red LED chips 11 and 12 
are mounted on the same pedestal 17 and coupled together thermally as is done in this embodiment, it is possible to 
compensate for that difference In operation temperature much more easily. In addition, compared to the realization 
using four leads, the embodiment shown in FIG. 1 can reduce the number of leads (i.e., extended electrodes) needed, 
thus cutting down the manufacturing cost of the lamp 100. 

20 [0044] The number of leads included in the leadframe 14 is not limited to three as required when one lead 14a is 
used in common for the LED chips 11 and 12. It is naturally possible to use four leads without using the common lead 
14a. Also, If the blue and red LED chips 11 and 12 are electrically connected in series together with a forward current 
made to flow in the same direction through these chips 11 and 12, the number of leads may be minimized to two. 
[0045] Furthermore, the LED lamp 100 is an integrated one, and is impiementable at a relatively small size. Moreover, 

25 the blue and red LED chips 11 and 12 are mounted on the same pedestal 17 and are covered with the phosphor 13. 
Accordingly, the phosphor 13 can scatter and diffuse the emissions of the blue and red LED chips 1 1 and 12. For that 
reason, when an object Is illuminated with the light produced by this lamp 100, the color unevenness can be reduced 
even more effectively. More specifically, where the emissions of the blue and red LED chips 11 and 12 are simply 
combined to produce white light, the resultant light is not completely white but is uneven in colors to a certain degree. 

30 In this LED lamp 100, however, the emissions of these LED chips 11 and 12 are scattered, diffused and then combined 
while passing through the phosphor 13. As a result, white light with reduced color unevenness can be produced. 
Optionally, to further scatter and diffuse the emissions and thereby further reduce the color unevenness, the inner 
surface of the transparent plastic encapsulant 16 may have Its surface roughened. 

[0046] FIG. 4 illustrates an actual spectral distribution of the LED lamp 100. As shown In FIG. 4, the spectral distri- 
35 bution includes not only the emission spectra 21 and 22 of the blue LED chip 11 and yellow emitting phosphor 13 but 
also the emission spectrum 23 of the red LED chip 12. In the illustrated embodiment, the blue spectrum 21 has a peak 
wavelength of 460 nm and a peak luminous intensity of about 40. The yellow spectrum 22 has a peak wavelength of 
570 nm and a peak luminous intensity of about 20. And the red spectrum 23 has a peak wavelength of 61 0 nm and a 
peak luminous intensity of about 100. Accordingly, the LED lamp 100 can supplement the red emission spectrum, 
40 which the white light produced by the known method (i.e., photoexciting a yellow emitting phosphor with the emission 
of a blue LED chip) has been short of. 

[0047] Also, the red emission spectrum is supplemented by making the red LED chip 12 produce its own emission. 
For that reason, compared to supplementing a similar red emission spectrum with that of a red emitting phosphor, the 
LED lamp 100 can show higher luminous efficacy. The red LED chip 12 may have any peak wavelength greater than 

45 580 nm as described above. However, if the red LED chip 12 has a peak wavelength of 600 nm or more, the resultant 
color reproducibility, which makes the color red reproduced look more brilliant to the human eye, is excellent. This is 
because the color red reproduced can have an increased excitation purity with respect to the L cones of the visual 
cells In the human eye (i.e., the visual cells reacting to a stimulus corresponding to the color red) in that case. Accord- 
ingly, the peak wavelength of the red LED chip 12 is preferably set to 600 nm or more. 

50 [0048] in the current state of the art, none of the phosphors available for LEDs (I.e., red emitting phosphors) can 
produce a luminescence highly efficiently at a peak wavelength of 600 nm or more. Accordingly, it is very much ad- 
vantageous to compensate for lack of the. red spectral components with those produced by a relatively inexpensive 
GaAsP- or GaAlAs-based red LED chip 12. It is naturally possible to use an AllnGaP-basfed LED chip exhibiting higher 
luminous efficacy although the chip of that type is relatively high-priced. Furthermore, compared to the emission spec- 

55 trum of a phosphor, the emission spectrum of the red LED chip 12 has a nan-ower spectral width. Thus, only the red 
spectral components, which the white light produced by the known LED lamp has been short of, can be supplemented 
by a simple method. 

[0049] In addition, the LED lamp 100 of this embodiment can compensate for lack of the red emission spectmm with 
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the emission of the red LED chip 12. Accordingly, the power (i.e.. the intensity) of the red emission spectrum Is easiV 
controllable electncally. As a result, a light source with variable color temperatures is realized using a simple structure 
This IS because the luminous intensity of the yellow emitting phosphor 13 is essentially correlated with that of the blue 
LED chip 11 as Its photoexcltation source. Thus, by appropriately controlling the luminous intensities of the blue and 
red LED chips 11 and 12, the LED lamp 100 can produce light in any arbitrary color 

[0050] FIGS. 5A through 5D illustrate various other spectral distributions of the LED lamp 100 where the color of the 
light produced is variable. As can be seen from FIGS. 5A through 50. the red emission spectrum 23 increases its peak 
luminous intensity in the order of FIGS. 5A, SB, 5C and 5D. That is to say, in the spectral distribution shown in FIG 
5D, the peak intensity of the red emission spectrum 23 is higher than that of any other spectrum shown in FIG 5A SB 
or SC. Also, the higher the peak Intensity of the red emission spectrum 23, the lower the correlated color temperature 
of the LED lamp 1 00. In otherwords, by controlling the peak intensity of the red emission spectrum 23, the light produced 
by the LED lamp 100 can have its color changed arbitrarily. As a result, light in any of various colore having respective 
correlated color temperatures, e.g., tropical daylight, neutral white, white, warm white or that Of an incandescent lamp 
10051] An LED lamp producing light in variable colors is realized by implementing the LED lamp 100 of this embod- 
iment as a circuit such as that shown In FIG. 6. The circuit 200 shown in FIG. 6 includes the blue and red LED chips 
11 and 12 and means 11a and 12a for controlling the luminous intensities of the blue and red LED chips 11 and 12 
respectively. In the circuit 200 illustrated in FIG. 6. variable resistore are used as the control means 1 1 a and 12a The 
circuit 200 can adjust the luminous intensity ratio of the blue and red LED chips 11 and 12 and can produce light in 
any desired color. In addition, the circuit 200 can also control the brightness of the lamp easily 
20 [0052] Furthemiore. by adjusting the luminous intensity ratio of the blue and red LED chips 11 and 12 the light 
produced can also have its correlated color temperature changed. Accordingly, the LED lamp still can produce light in 
vanous colors even if the control means 11a coupled to the blue LED chip 11 is a fixed resistor and only the control 
means 12a coupled to the red LED chip 12 is a variable resistor. Altematively. only the luminous Intensity of the blue 
LED chip 1 1 may be changed with that of the red LED chip 12 fixed. In the Illustrated embodiment, variable resistors 
are used as the luminous Intensity control means 11a and 12a. But the control means 1 la and 12a do not have to be 
the vanable resistors. Examples of other applicable intensity control means include: means forswitching fixed resistors- 
means including ladder resistors; frequency control means; means for lighting the lamp at variable frequency division 

mn^;"" °^ "-^^ ''^'P^ ''°"P'^'^ ^"-^ "leans forswitching hardwiring methods 

[0053] FIG. 7 Illustrates the chromaticity of the LED lamp 100. Hereinafter, it will be described with reference to FIG 
7 exactly in what range the LED lamp 100 of this embodiment can produce light in variable colors where a yellow 
emitting phosphor is used as the phosphor 13. The yellow emitting phosphoris is either a YAG phosphor or a phosphor 
doped with Mn as a luminescence center. If the yellow emitting phosphor 13 is a YAG phosphor, the YAG phosphor 
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YAG= (Y,.,GdJ3(Ali^,Gab)50i2 : Ce 

should preferably contain Gd at a smallest possible mole fraction a and Ga at a largest possible mole fraction b to 
make the luminescence exhibited by the phosphor 13 greener and thereby increase the luminous efficacy 
P)054] In FIG. 7, the range 41 represents the chromaticity of the emission produced by the blue LED chip 1 1 which 
has a peak wavelength of between about 440 nm and about 480 nm. The curve 42 represents the chromaticih) of the 
luminescence produced by the yellow (YAG) phosphor 13. As described above, the smaller the mole fraction a and 
the larger the mole fraction b in the composition of the YAG phosphor 13, the greater the coordinate y and the smaller 
the coordinate x on the chromaticity diagram shown in FIG. 7. The photoexcited luminescence exhibited by the YAG 
phosphor 13 has a peak wavelength of between about 440 nm to about 480 nm. Accordingly, the YAG phosphor 13 
can be photoexcited very efficiently by the emission of the blue LED chip 11 that also falls within the same wavelength 
range (i.e., the range 41 ). ^•^'•yw 

[0055] The combination of the blue LED chip 1 1 and yellow (YAG) phosphor13 theoretically realizes any chromaticitv 
wrthin the range 45 defined by the i^nge 41 and the cun/e 42. Even in this range 45, however, the closer to the curve 
42 the chromaticity of the light produced, the lower the output of the blue LED chip 1 1 itself as the source of photoex- 
citation. Accordingly, to get white light produced by the LED lamp efficiently enough, it is actually preferable to define 
the vanable color temperature range as a chromaticity range located between the range 41 and the curve 42 within 
the rang^ 45. The emission of the red LED chip 12, which will be combined with the white light having a chromaticity 
falling within such a range, has a chromaticity range 44 corresponding to wavelengths around 600 nm to increase the 
color rendenng performance of the lamp. Forthat reason, the white light produced by mixing the emission of the blue 
LED chip 11 with the luminescence of the yellow emitting phosphor 13 preferably has a chromaticity falling within the 
range 43. As shown in FIG. 7, the range 43 is located over a blackbody radiation locus (i.e., Planckian locus) 30 and 
has a high correlated color temperature so that the chromaticity of the color-mixed light Is not so different from the 
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blackbody radiation locus 30 in a wide correlated color temperature range. 

[0056] As a result, the LED lannp can have variable correlated color temperatures within a range defined by the 
chromaticity ranges 43 and 44 of the white light and the emission of the red LED chip 12 (i.e., the range lying between 
the lines 31 and 32 shown in FIG. 7). In other words, the LED lamp can produce light in any of various colors which 

5 has a chromaticity in confomilty with the range defined by JiS (Japanese Industrial Standard) or CIE (Commission 
Intemationale d'Eclairage) for fluorescent lamps. Examples of the colors of the light produced include daylight, neutral 
white, white, warm white or incandescent lamp type color as defined by the JIS standard. According to the CIE standard 
on the other hand, those colors include daylight, cool white, white and warm white. In addition, the LED lamp can also 
produce light in any other desired color with a chromaticity falling within an intemnediate range between those chro- 

10 maticrty ranges. In FIG. 7, the line 33 represents how broadly the LED lamp 100 of this embodiment can change its 
chromaticity. As can be seen, the lamp 100 can change its con-elated color temperature greatly while maintaining a 
chromaticity oven closer to those represented by the blackbody radiation locus 30. 

[0057] In the example illustrated in FIG. 7, if the peak wavelength of the red LED chip 12 is set to 630 nm or less, 
then the locus representing the variation in color of the emission produced therefrom can be substantially matched 
15 with the blackbody radiation locus 30. Accordingly, the color of the light produced can have a variable chromaticity, 
close to those represented by the blackbody radiation locus 30, in a relatively wide correlated color temperature range. 
As a result, the general color rendering index of the lamp can be increased. 

[0058] Sometimes the lamp may not have variable correlated color temperatures in a wide range but rather should 
be used as a low color temperature light source. Then, the range, defined by the chromaticity range 43 of the white 
20 light produced by the blue LED chip 11 and the yellow emitting phosphor 13 and the chromaticity range 44 of the red 
LED chip 12, does not have to lie between the lines 31 and 32. In that case, any appropriate part of the range 45 may 
be selected instead. 

[0059] In the foregoing embodiment, a yellow emitting phosphor is used as the phosphor 13. Alternatively, a green 
emitting phosphor, which exhibits a green luminescence when photoexcited by the emission of the blue LED chip 11 , 

25 may also be used. The green emitting phosphor exhibits the luminescence at a peak wavelength of between 480 and 
560 nm, for example. The green emitting phosphor may be either a YAG phosphor or a phosphor doped with at least 
one element selected from the group consisting of Tb, Ce, Eu and Mn as a luminescence center. To increase the color 
rendering perfomnance of the lamp for general illumination purposes, multiple types of phosphors, exhibiting respective 
luminescences at mutually different peak wavelengths, may also be prepared. None of the LEDs cun^ently available 

30 can produce an emission highly efficiently at a wavelength of around 555 nm con-esponding to the highest possible 
luminous efficiency. Accordingly, it is very much significant to supplement an emission spectrum having a peak wave- 
length approximately equal to this value with the luminescence of an alternative phosphor. Also, in the foregoing em- 
bodiment, an inorganic phosphor is used. Instead, an organic phosphor with a comparable peak wavelength may be 
used as well. This is because as organic electroluminescence (EL) has been developed, industrially applicable organic 

35 phosphors have been further researched and developed recently. So under the circumstances such as these, not only 
inorganic phosphors but also organic phosphors are now almost readily available. 

[0060] Like the yellow emitting phosphor, the luminous intensity of the green emitting phosphor is also essentially 
correlated with that of the blue LED chip 11 as its source of photoexcltation. Thus, just by adjusting the luminous 
intensities of the blue and red LED chips 11 and 12 appropriately, white light in any arbitrary color can be produced. 
40 Accordingly, even when the green emitting phosphor is used, an LED illumination lamp for producing white light in 
various colors is realized using the same simple structure. 

[0061] No high-efficiency green LEDs with an emission spectrum around the wavelength of 555 nm, corresponding 
to the highest specific luminous efficiency of the human eye, are cun^ently available at an Industrially applicable level. 
This is why it is very advantageous if an emission In this wavelength range is realizable highly efficiently by the lumi- 

45 nescence of a phosphor. 

[0062] Furthennore, where a green emitting phosphor is used, the respective emission spectra of the blue and red 
LED chips 1 1 and 1 2 and the green emitting phosphor 1 3 can be concentrated to relatively narrow RGB ranges. Then , 
a light source with good color reproducibility (i.e., that can reproduce the colors of an object brilliantly enough) and 
with a large gamut ratio, comparable to a light source that produces emissions in three wavelength ranges, is realized. 

50 That is to say, even if this LED lamp including the green emitting phosphor is used as a backlight, the image displayed 
can have sufficiently high luminance and wide enough gamut area. The peak wavelength of the red LED chip 12 is 
also preferably 600 nm or more even In this alternative LED lamp. This is because the color red can have its excitation 
purity to the human eye increased as in the yellow emittiri'g phosphor and even better color reproducibility is attainable. 
[0063] Where a green emitting phosphor is used, the peak wavelengths of the blue and red LED chips 11 and 12 

55 and the green emitting phosphor are preferably between 440 and 470 nm, between 600 and 650 nm and between 520 
and 560 nm, respectively, to increase the color rendering perfomiance of the lamp for general illumination purposes. 
On the other hand, to increase the color reproducibility when the lamp is used as a backlight, the peak wavelengths 
of the blue and red LED chips 11 and 12 and the green emitting phosphor are preferably 440 nm or less, 610 nm or 
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more (more preferably 630 nm or more) and between 51 0 and 550 nm. respectively. 
EMBODIMENT 2 

S 1 a?d"2 andTh'o°s'^,hoM? T^^T ^"'"^"^ *° ^^^'^^^^ combinations of blue and red LED 

Ztr r T^"''.^°^u^*^'*^°"'^^'^.^pp^«'^«'^'^y»^^«^atioofth 
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[0070] According to this color appraisal method, If Ga is less than 1 00, then the colors rendered by the test source 
should look pale because the colors have decreased degrees of saturation. On the other hand, if Ga is greater than 
100, then the colors rendered by the test source should look brilliant because the colors have increased degrees of 
saturation. As described above, where the color rendering perfomnance of a given light source is appraised by the 

s difference in color reproduced between the given and standard sources, a low Ra gives an unreasonably tow score to 
the given light source even if colors reproduced by the given light source look briiliant to the human eye. In contrast, 
according to this area ratio method, a high score can be given properly to the test source that can reproduce colors of 
an object brilliantly enough even if the Ra thereof is low. So this method seems to be effectively applicable to properly 
appraising the brilliant colors reproduced by an LED lamp. However, if this performance appraisal method is used by 

^0 itself, a higher Ga ratio may give a higher score to a light source under test. Nevertheless, when the performance of 
another light source, reproducing similar but excessively briiliant colors, is appraised by the conventional color rendering 
indexing, the resultant Ra ratio will be low. Then, that big difference in colors reproduced between the test and standard 
sources will make an impression of unnatural illumination on the viewer. That is to say, if the Ga ratio alone were used, 
then the score given as the Ga ratio to the test source might be much different from the score given as the Ra index 

15 to the light source. 

[0071] Thus, we newly used another gamut ratio, obtained by connecting together the chromaticity coordinates of 
four special color rendering Indices R9 through R12 for brilliant red, yellow, green and blue, respectively, as an alter- 
native Index representing the color rendering performance. That Is to say, just like the known Ga ratio obtained by 
connecting together the eight chromaticity coordinates for the color rendering indices R1 through RB as disclosed in 
20 Jis Z8726, another gamut ratio is similarly calculated by using R9 through R12 instead of R1 through R8. This alter- 
native gamut ratio will be herein identified by "Ga4". 

[0072] The color rendering indices R1 through R8 are essentially selected to know the degree of subtle difference 
between naturally reproduced colors and are associated with eight test colors with interna ediate degrees of saturation. 
In contrast, the special color rendering indices R9 through R1 2 are essentially selected to know the degree of difference 

25 between brilliantly reproduced colors. Accordingly, by using this new Ga4 ratio, it is possible to appraise the color 
rendering perfomnance of a given light source properly by seeing if an object to be seen In brilliant colors does look 
glowing. That is to say, if an object illuminated should be seen in subtly different and naturally reproduced colors at 
intemriediate degrees of saturation, then the light source should illuminate the object exactly in its natural colors so 
that the Ga ratio and Ra index can approach 100. On the other hand, If another object should look brilliantly to the 

30 human eye, then the light source should illuminate the object in such a manner that the Ga4 ratio increases. Then, the 
colors reproduced can be optimized. And by optimizing the colors reproduced this way, any object can be Illuminated 
either in naturally reproduced colors or In sharply contrasted colors at high degrees of saturation. 
[0073] So the present inventors earned out the optimization processing on the LED lamp 1 00 of the first embodiment. 
As a result, we made the following findings: 

35 

1 . Where the red LED chip 12 has a peak wavelength of 600 nm or more, the general color rendering index Ra of 
the lamp 100 can be increased. On the other hand, where the red LED chip 12 has a peak wavelength of between 
610 and 630 nm, Ra and Ga4 can be both Increased and yet Ga4 can be higher than Ga. That is to say, in this 
wavelength range, colors with intermediate degrees of saturation, which should be reproduced subtly and precisely, 

40 can be reproduced naturally, while colors with high degrees of saturation can be reproduced brilliantly. 

Where the blue LED chip 11 has a peak wavelength of 470 nm or less, Ra can be increased. On the other hand, 
where the blue LED chip 1 1 has a peak wavelength of between 450 and 470 nm, Ra and Ga4 can be both increased 
and yet Ga4 can be higher than Ga. The phosphor 13 to be combined with these LED chips preferably has a peak 
wavelength of between 520 and 560 nm, more preferably between 545 and 560 nm. In the latter range. Ra can 

45 be increased more often. 

2. If the LED lamp 100 has a correlated color temperature of 5000 K or more and if the color rendering performance 
thereof is appraised using a reconstituted daylight source as a standard source, then the peak wavelengths of the 
blue and red LED chips 11 and 12 and phosphor 13 are preferably between 450 and 460 nm, 600 nm or more and 
between 520 and 560 nm, respectively. 

so 3. If the LED lamp 100 has a con-elated color temperature of less than 5000 K and if the color rendering performance 

thereof is appraised using a blackbody source as a standard source, then the peak wavelengths of the red LED 
chip 12 and phosphor 13 are preferably between 615 and 650 nm and between 545 and 560 nm, respectively 
4. If the LED lamp 100 has variable correlated color temperatures, then the peak wavelengths of the blue and red 
LED chips 11 and 12 and phosphor 13 are preferably between 455 and 465 nm, between 620 and 630 nm and 

55 between 540 and 550 nm, respectively. 

[0074] Hereinafter, exemplary LED lamps 100 with optimized color reproducibility will be described with reference 
to FIG. 8A through 10C and Tables 1 through 3. 
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FIGS Oa/s^' and ec ^'^""^^ ""'^ S^'""* °^ '«-P shown in 

Table 1]. 



Peak wavelength of blue LED 


460 nm 


Peak wavelength of red LED 


625 nm 


Peak wavelength of phosphor 


545 nm 


Correlated color temperature Tc 


3000 K 


Duv 


0.02 


Chromaticity coordinates (x, y) 


(0.43695, 0.40410) 




Color rendering index 


R1 


88,2 


R9 


93.1 


R2 


95.5 


RIO 


97.2 


R3 


93.1 


R11 


85.9 


R4 


89.6 


R12 


81.0 


R5 


91.4 


R13 


89.7 


R6 


88.9 


R14 


92.9 


R7 


96.6 


R15 


91.9 


R8 


96.4 


Ra 


92.4 


Gamut ratio 


Ga 


103.3 


Ga4 


109.3 



[Table 2] 



Peak wavelength of blue LED 


460 nm 


Peak wavelength of red LED 


640 nm 


Peak wavelength of phosphor 


545 nm 


Correlated color temperature Tc 


5000 K 


Duv 


-0.01 


Chromatlcrty coordinates (x, y) 


(0,34511, 0.35161) 
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[Table 2] (continued) 



Color rendering index 


R1 


97.3 


R9 


66.6 


R2 


99.1 


RIO 


94,9 


R3 


92.1 


R11 


94.4 


R4 


94.4 


R12 


65.0 


R5 


94.2 


R13 


98.2 


R6 


93.6 


R14 


94.5 


R7 


95.8 


R15 


90.2 


R8 


87.7 


Ra 


94.3 


Gamut ratio 


Ga 


101 .6 


Ga4 


112.9 



20 

[0078] FIG. 10A illustrates a spectral distribution of the LED lamp 100 with optimized color reproducibility where the 
lamp 100 has a correlated color temperature as high as 6700 K, which is close to the upper limit of correlated color 
temperatures for an everyday Illumination light source. At the con-elated color temperature of 6700 K, a reconstituted 
daylight source is used as a standard source for calculating Ra. In this example, the peak wavelengths of the blue and 
25 red LED chips 11 and 12 and phosphor 13 are 460, 640 and 545 nm, respectively. FIGS. 10B and IOC respectively 
illustrate the gamut ratios Qa and Ga4 of the LED lamp 100 having the spectral distribution shown in FIG. 10A. The 
following Table 3 shows not only these parameters but also the chromaticlty coordinates (x, y), Duv, color rendering 
indices Ra and R1 through R15 and gamut ratios of the LED lamp 100 shown In FIGS. 10A, 10B and IOC: 



[Table 3] 



Peak wavelength of blue LED 


460 nm 


Peak wavelength of red LED 


640 nm 


Peak wavelength of phosphor 


545 nm 


Correlated color temperature Tc 


6700 K 


Duv 


0.02 


Chromaticlty coordinates (x, y) 


(0.31055, 0.32076) 


Color Rendering index 


R1 


95.0 


R9 


92.3 


R2 


98.8 


R10 


93.9 


R3 


94.9 


R11 


85.5 


R4 


85.0 


R12 


57.1 


R5 


88.8 


R13 


98.9 


R6 


90.8 


R14 


96.9 


R7 


91.6 


R15 


90.4 


R8 


92.5 


Ra 


92.2 


Gamut ratio 


Ga 


96.6 


Ga4 


107.5 



[0079] FIGS. 11 A through 130 illustrate typical combinations of blue and red LED chips 11 and 12 and phosphor 13 
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we made to optimize the color reproducibility of the LED lamp lOO. In FIGS. 11 A through 13C. the ordinate represents 
the Ra mdex of the LED lamp 100 while the abscissa represents the pealc wavelength (nm) of the r^d le^^^^^^^ 
S .ITrZ'JT '''' ""'"""^ °' -^asurement orsimS on n F g1 11 A 

Sf^drnrstrtC^^^^^ 

Ln?^TOoTriri;iJL?r".t '""^''^'^ ^"^""P'^" corresponding to correlated color temperatures of 3000. 5000 
and 6700 K respecfvely. In these examples, the peak wavelength of the blue LED chip 11 was fixed at 450 nm wNe 
hat of the phosphor 13 was changed from 520 nm (belonging to the green wavelength range) to 560 nm (beT^nt^o 

1 " ^'Zr^^'^T "'"^ '"^"9'^^ ^^^^'^^ correspond to thf phosphorpeak wa^^ 

lo erS'nm ■ ^"^P^^^^'y- P--^ --e'-9th Of the red LED chip 1 2 was changed fr'om 595 n^ 

in?6700 K^lnf r"tJ '^"^ "'""'T ^"^'"P'^" corresponding to correlated color temperatures of 3000, 5000 

lSr?3ranri3C ZL'^rit "r""'- ^^^^ wavelength of the blue LED chip 11 was fixed at 460 nm. FIGS. 
13A, 13B and 13C .llustrate examples corresponding to correlated color temperatures of 3000, 5000 and 6700 K 
mn«^i f V I P^^' wavelength of the blue LED chip 1 1 was fixed at 470 nm ' 

Sd. °" ""'^^ - ^"'^ ■^^'"^^ ^ 3. our findings will be further 

[h?.??i H "^^^ ^^«"es that a high-color-rendering fluorescent lamp emitting in three wavelength ranqes 

S trnTh'" °' '^"'^"'"9 '^"'P « t^'Sh Ra Tndex of 80 or moJe it can S 

seen from those results ttiatthe Ra index could be increased where the red LED chip 12 had a peakTavelenI o' 
600 nm or more. Then, the LED lamp 100 can have an Ra index as high as 80 or even more Se pamcuSI a 
preferred peak wavelength range of the red LED chip 12. in which the Ra index was ettherTuTcienS^ hXr^^^e^^^^^^^^ 

Ihol h '° ""^ ^"'^^ « ^""-^ intem,ediate degrees orsatSion whiS 

Should be reproduced subtly and precisely, can be reproduced naturally. In addition, the LED lamp ioi^^ a 

iT^t^l rr^' '^'^ ^ "P""^^^' Accordingly, the lamp 100 can r^^r^^i tolfr^ 

S Sf index andtfT°" ""TT' ""'"^ '° ^ environment, which hTa sufflcTent^ 

high Ra index and yet is illuminated in sharply contrasted colors, is realized "■cienuy 

[0084] We also found that the Ra index could be increased where the blue LED chip 1 1 had a peak wavelenath of 
It difficult to realize an LED lamp 100 with a high correlated color temperature or with an Ra index exceeZa 80 Ateo 
cT, ? T '° r "-^^ '"'"P ""'^ ^ '^^'^y color terr^perlTif te'^^^^^ 

S n U k °' ^^""'^ P^«^«^^«^ P^ak wavelength range o he ed Sd 

c2 11 il r ?f '"""^r ''^ ''S'- '^'y °" ^^^'^^ P-^k wavelength of the b ue lId 

nn^lVntH^S^J "T" "^'^ ''""^""^ P^^*^ wavelength of the blue LED chip' 1 is less than 4^ 

nm, then the Ra index rarely exceeds 90. In addition, to realize an LED lamp 100 with a relatively high corrected color 
mST, r- : ^^''T"' P^^' wavelength range of the phosphor 13 is very much limited. 

!,nH il ^°TJT"''^T« "''"^ ^^"^'^ °^ '^'"P P^a"* wavelengths of the red and blue LED chips 11 

and 12 should be as follows. The peak wavelength of the red LED chip 12 Is preferably between 61 0 and 630 nm 

iri'nJTh" 7'"r f'"^) '>^»^« LED lamp 100 would decrease otherwise. On the ot^er hand the peak 

^l i nn^ M . ! '^"^ "''P " P^^'^'^'"y °' "^^ause the luminous efficacy (ImAJ! of the LED 

lamp 100 would also decrease otherwise. vi'n/vwj or me Ltu 

n^rS^L T'l^'^.^ *u^' '''^ phosphor 13 to be combined with one of the LED chips (or the blue LED chip 1 1 in 
partjcular) should preferably have a peak wavelength of between 520 and 560 nm. Considering that the phosp^^^^^^^^^ 
may be combined with any other LED chip, the peak wavelength of the phosphor 13 is more pre erabS/ and more 
fZT^Tl" T ' ^"'^'^'^"^'y ^'9h Ra index can be obtained riNs r^ge ' 

S^frln, f '1"."' «^ '"''^'^ LED lamp 100 with broadly va?Sble correlated 

constlnXlr' " '^''P^ ""'^ ^^"'^ P^^^P*^"^- '<'«P'"9 the peak LrengthMhfreof 

constant but changing only the intensity ratio thereof, the peak wavelengths of the blue and red LED chips 11 andTJ 

nm resZtJy '"'"^'^ ''^^^^ ^ be^^eerlMO and 550 

f!,?hLI° '^^"l^ ^" "r^^ '^""P '"'^"^^^ °^ ^° at various correlated color temperatures not 

Ra inl. TT 'o^ ^^P"''^"'^^- f°"°«""9 wavelerigth ranges should be defined. It should be noSdThat an 
Ra index as high as 90 or more belongs to color rendering perfomiance group 1 A (Ra^90) accorc^na o the 

oL^ol " *° "PP"""'"^ '° environments^eqLng highly prec^^^^^^^^^^^^^ 

ll^^ZTT ^^-^H '""^"^T^)- " « '^"^P « ^«l«t*vely high correlated colortemperature of 5000 K or irshouW 
Zl w J r ,T P^^°'™^"'^^ appraised using a reconstituted daylight sou,Se as a standard so^e then the 
peak wavelengths of the red and blue LED chips 12 and 11 and phosphor 13 are preferably 600 nm or moTe be^een 
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450 and 450 nm and between 520 and 545 nm. respectively. On the other hand, if a lamp with a relatively low correlated 
color temperature should have Its color rendering performance appraised using a blackbody source as a standard 

^I.T" '^f ^'^"gt'^^ °» '^^^ led chip 12 and phosphor 13 are preferably between 615 and 650 nm 
ana between 545 through 560 nm, respectively. 

^Tr^ co"ibinatlons of peak wavelength ranges, in which Ra and Ga are both sufficiently high and 
r S: ^ ^'^ should be readily understandable to those sWIIed in 

the art that an LED lamp 100 with high Ra index and high Ga and Ga4 ratios Is also realizable even If the illustrated 
rnnlr? ^"^ '^"^^^ ^''S*'*'^ ^"'^^^ °" °^ ^^verBl nanometers (e.g., about ±5 to 10 nm) 

10 S th?h... elf 1°° ^ =°"-e'ated color temperature (e.g., 3000 K). the peak wavelengths 

fhln .h^^ Pn . .„n''"T' ^"'^ " ^•^^"'^ P^^'^^^'V ''^ and 545 nm, respectively. 

Then, the LED lamp 100 can have Ra, Ga and Ga4 of 92.4, 1 03.3 and 1 09.3, respectively 

S^JIL ^^^'^ cTT 1°° ^" intermediate correlated color temperature (e.g.. SOOO K), the peak wavelengths 

^hln .h"^ PnV . ^Z"^ " P^^^^'^'y '^^ and 545 nm, respectively. 

Then, the LED lamp 100 can have Ra.Ga and Ga4 of 94.3, 101 .6 and 112.9, respectively 

S^L ^^'^T ITT 1°° ''^^ ^ ^'9^ correlated color temperature (e.g.. 6700 K), the peak wavelengths 

Cn pn V .nn "'^'P'"^ ^^^"^'^ P^^^^^^^'V ''^ '*6°- ^"'^ ^45 "m, respectively 
Then, the LED lamp 100 can have Ra. Ga and Ga4 of 92.2, 96.6 and 1 07.5. respectively. 

[00931 The LED lamp of this embodiment has its color reproducibility optimized by way of the Ga and Ga4 ratios 
oflnp^H^rSr T ^^"^ ''^^^ '^^^^^ ^° ^ index. Accordingly, the distribution 

That IS to say. the R9 through R1 2 indices, used as special color rendering indices for brilliant red. yellow, green and 
blue, correspond to typical brilliant test colors artificially created. Therefore, if the Ga4 ratio, cateulated from these 

natural colors even more naturally and yet only a few selected brilliant colors even more brilliantly. An object in any of 
« Noht r T ''h H "T^ ^ ^ 'P^'''''" ^^"^^^"'^^ t^^^t '^•^anges steeply at a particular wavelength. Accordingly 
I ; h H T ^ distribution is effectively applicable to suJh an object. 

coT/rf^nH S;«^t T^H^^ iMumination light source, which can illuminate natural objects in even more natural 

mn«T, bnlliant-colored artificial objects in much more sharply contrasted brilliant colors, is realized 

K « '^P expected to just illuminate an object brilliantly, then the Ra index does not 

have to be increased more than necessarily. Then, such an LED lamp is realized in broader peak wavelength ranges 
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EMBODIMENT 3 



Sf?r!L? plni^';*".. '«"]P «'^=°"'»"9 t° a third embodiment of the present invention will be described with 
reference to FIGS. 14A through 18C. The LED lamp 100 of thefir^t embodiment includes two LED bare chips. nameL 

LED ba^e chPo thafhV TvZ '^''■'f'' '""^ '^'"P °' "'^ ^"^"^ embodiment includes ju'rone 

hi dJ^lrtnZ'^T^' °' embodiment Is the same as the counterpart 1 00 of the first embodiment and 

embed ment of Wne present invention, contributing to the color reproducibility optimization of the LED lamp 100 Is 
naturally applicable to the LED lamp of the third embodiment. 

tJ*"^ °' ?f * u'". ^'"^o'*""^"' ''"'y °ne LED bare chip that pmduces emissions in two different 
colors. Thus, compared to the lamp 100 of the first embodiment in which two bare chips are disposed side by side for 
jDroducing emissions in two colors, the following advantages are attainable by the third embodiment. Specifically since 
just one LED bare chip is used, the sites at which the red and blue emissions are produced are vev close to each 
TZ 1 l^'^ f ''^^ '^^^''^^'^ ^ substantially the same. As a result, the LED lamp can mix 

these ft«,ocoors more effectively. In addition, the red- and blue-light-emittingsites are t 

« o^puf ^ ^ ^^"^ ^"^ " " '° "^^'"^ °f heat on the 

'*.^^"''«^*"*h reference to FIGS. 14Athmugh 14C how to make a single LED bare chip 
that produces red and blue emissions. ^ 

f'®- ^ fi'^'«g»it-emitting-diode layer (which will be herein abbreviated as an "LED 
laye0 111, including at least p- and n-type semiconductor layers and an active layer, is fomied on asubstrate llSfor 



ss LEDs. 



[0099] Next as shown in FIG. 14B. the substrate 115 is once removed from the assembly shown In FIG 14A to 

Ttr^! 'Itl'-^^ '33.''° Tr^'*"^ """^^'^^ ^P^°P"«^^ "^«V be severed depIJJing 

on the types of the substrate 115 and LED layer 111. For example, the substrate 115 may be gradually removed by a 
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rnJl^n ^In TJ^^J T""^ ^'^^y °' P^^'"' °« P'«=*"9 « ^"^^"^^l thereon. 
[0100 Then as shown in FIG. 14C. the first LED layer 111 is bonded to the backside of another substrate 115' on 
the pnncpal surface of which a second LED layer 1 12 has been forrried. In this manner, an LED bare chrfoTprrdu^n^ 
em.ss.ons ,n two different colors can be obtained. That is to say. each or one of the blue- and red-SSS 
miof f T'.' ^^^^ bonded to the substrate, thereby obtaining one LEoTare chip 

throuoh ,T^Z7nP' "-^^ '° " ^""^'^^'^ "^^-"^'^ -ith reflrencelo FIGS ISA 

through 18C The LED layers may be bonded in various ways, but only typical ones will be exemplified in the foltowrna 

f nTiTf" r ? ^ ""^ '-^^ ^"PP°-«d t° blue anS red LE^^rii? 

*o mTo2 'l^STsA?' f f^'*^- E^'^'^ P«'^ of LED laye,^ 111 and 112 « surrounded by a phosphoMlV ' 

tJil stLur^' nn TT ^" IT'"^'^ double-sided electrode structure including a conductive substrate i s In ' 
thisstn^cture. one electrode may be fomned on the uppersurfaceof the blue LED layer111 and anotherelect^^^ 
?11 3^112" °' '"^"^ ^""^'^^'^ -"^^ sandwiched between thr^^o laZ 

,5 f°!J^^ » ""'^ ""^^ illustrates an exemplary Single^ided electrode structure including a non-conductive substrate 1 1 5 
'5 In th.s structure^ two electrodes may be fomied on the upper surface of the blue LED layer 111 and anSer ,1^^^ 

ttrotyeTll 1 '"^''^^ °' "-'^ ''''' sandwichedTe:L::n 

[0104] FIG. 15C illustrates a combination of single- and double-sided electrode structures where the substrate 115 
.s conductive. In th« structure, one electrode may be formed on the upper surface of the blue LED layer 111 Tnd Zl 
TZVSZ^TZTT""' '-"^ -''^^-^^ llSsandSedbet^n 

thp o?h»r o^.h®'^ "'"^^''^!!' ^" exemplary structure in which the two LED layers 111 and 112 are stacked one upon 
the other on the upper surface of a conductive substrate 115. In this structure, one electrode may be fomied on me 

^ ,1^; exemplary structure in which an LED layer 111 with double-sided electrodes and 

substrate 115. In this stmcture, one electrode may be fomied on the upper surface of the substrate 115 and two 
electrodes may be formed on the lower surface of the red LED layer 1 12 suusiraie ns and two 

T^J^ "'"^trates an exemplary structure In which a blue LED layer 111 for producing an emission at a 

Short wavelength .s fomied on the lower surface of a substrate 115 and a red LED active layer 111" is ,o3 on the 
upper surface of the substrate 115. The red LED active layer 112" produces an emission when photoexS Z the 

Tthe blue LEmfyl^TJl^^ "-'^ '^'^^ " ' ' ^"^^^"'^^^ the lower sJ'rtlS: 

in™5 7^^ stmclures shown in FIGS. ISA through 16C are just a part of many imaginable combinations So the 

isriVi* 6b'^^^^^^^ t T""' r ^^'"'^^ "^^^ ^tructiTsh^: 

rna&. lot., ibA, 16B and 16C may also be inverted vertically 

fuSte^is^? '^"T" ri^^V^ "^"^ '° ^"^^"^ "P°" ^l^^ °ther on one or two sides of the same 

iJf fS iTAihrrip^^^^^ 

115. FIGS. 17A through 18C illustrate typical examples of such structures 

S.'JS uonfr lrftn'^'^^ ^ "'"^ ^"'^ '^y^-^ 111 and 112 are mounted side by side 

on tt^e upper surface of the same conductive substrate 115. In this structure, one common electrode may be fon^^ed 

LED lair ;1^"lr1';2 ^'^^^^^"^^ '^^ °" -^P-^- upperZ^es onS 

^n Jie uddS sJrfJi"STr ^ '^'"'''"''^ '"^ '""^ ^"'^ "-^^ '^^^^^ 111 and 112 are mounted side by side 
t°he upTe^reTf'^^^^^^^^ ^"''^^^"^ ^^'^ -V be fom,L on 

]ol ^I^ illustrates a vertically inverted version of the structure shown in FIG. 17B 
!.„ th J T '""f ^^^^ ^ *® "'"^ "-ED laye>^ 111 and 112 are mounted side bv side 

^Il^l^J^ 1 . ' " "^^""^ common electrode is formed on the lower surface of the substrate 115 and 

• «2thJf^ ? °" upper surface of the red LED layer 11 2. The blue LED layerlll has thrsame s^ructur^ 

raiT^ fS 'sb iliuT V^' " TT °" "PP- -'^-^ °f t*'- blue LED SyeM 12 

<lt ? . i™*^' ^ '^''^ ^° LED layers 111 and 112 are disposed side by side on a 

pedestal not shown direct^. This structure needs no substrate 115 and there Is no need to perfor^ tL bondJio 
process step shown In FIG. 14C for this structure. penorm me oonaing 

"'"Strifes a structure in which two LED layers 111 and 112, each including double-sided electrodes 

to thtidi lpdT^ 

to thK >dea, LED layers with s.ngle- and/or double-sided electrodes may be stacked in other Combinations. ?r Sen 
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four LED layers may be stacked one upon the other 

fJIl!LI«Ltr!"r.^^^^ '^''^"9^ ^^"^ ^"^^ ^ ^^^y imaginable combinations. So 

n F^r f ^T? i L lo^i" ""^y ^^y^- ^^d'tion. the structures shown 

in FIGS. 17A, 18A and 18B may also be Inverted vertically 

[0117] Accordlngtothethird embodiment, the light-emitting layers 111 and 112 of the blue and red LEDs 11 and12 
are integrated together as one LED chip. Thus, the sites at which the red and blue emissions are produced are very 
close to each other in the same LED bare chip and can be regarded as substantially the same. As a result the LED 
Sh™r T ^^'^ ^ff^^'^^'y- »n addition, the red- and blue-llght-emittlng sites are themnally coupled 

ir^™ M T^'^'y^ the temperatures at these two sites are even closer to each other. Accordingly, these sites 
can be regarded as substantially identical thernialiy and it is easier to perfomi feedback control over the effects of heat 
on ine opiicai output. 



EMBODIMENT 4 



wiJh Sf^r.rT^l^^'li embodiment Of the present invention will be described 

wrth reference to RG. 19. FIG. 19 schematically Illustrates an arrangement for the LED lamp array 500 In the LED 

wZ « 1 """"^T"'- "^'"^ LED Chips 11 and 12 and phosphor 13 are integrated ^g^her 

TTJ.T ^TZ^: °" '^"^ ^"^y °' '""^ embodiment, the two LED chips 

11 and 12 are inc uded in two separate envelopes to make a cluster. That is to say, the lamp array 500 consists of a 
numbero those clusters. Asforthe fourth embodiment, only the 

will be detailed and the description of the common features will be omitted or simplified embodiments 
^^V^L l!^- "I®' LED lamp array 500 includes multiple clusters, each being made up of LED white 

and red light sources 52 and 54. Although only two clusters are Illustrated in FIG. 19. a number of clusters with Se 

whTe andtZhT ^ " '° ""^^ '^-^P ^-^^^ 500. In other words the LED 

the blue LED Sfn ?iTnH'th ^"S ^ "^^^ '''"^^^^ '""^ ^ED white light source 52 includes 

the blue LED chip 11 and the yellow emitting phosphor 13 that exhibits a luminescence when photoexclted bvthe 
emission of the blue LED chip 1 1 , while the LED red light source 54 includes the red LED chip 
[0120] In the illustrated embodiment, the LED white light source 52 further includes the bulletlike transparent plastic 

Z^rT^^l^ ZnT?."^^ '^"^ '^''P ^'^^'"S phosphor 13 together. As In the'fiSbod- 

iment. the blue LED chip 11 .s mounted on the pedestal 17 of the leadframe 14. The LED red light source 54 further 
mcludes the bulletlike transparent plastic encapsulant 16 for molding the red LED chip 12. which is JsTmounte?oh 
exampJe " ^^'^ "^^^ « arranged aZaS tor 

[0121] In the LED lamp array 500 of the fourth embodiment, after the LED white and red light sources 52 and 54 
have bee,, made of mutually different materials, multiple pairs of light sources 52 and 54 may be assembLd together 
VnTJ. 7 T '^°'^r''- "^-^'S" = Of LED light sources of these two types c^be optimted 

separately It is also possible to pick and assemble together only good LED light source producte for a lamp uni th^s 

reraX;r„rr''""'^^^'"^ 

fj"*^! Jf°~°^n even though luminous fluxes are separately output from the blue and red LED chips 11 and 12 
these LK) chips are independent of each other. So the blue and red LED chips 11 and 12 may be assenibled toqethe; 

may be arbrtrarily detemimed. For that reason, this lamp array 500 can be designed much more flexibly than usual 
This IS b«:au8e cornpared to the first embodiment where multiple LED lamps, each including blue and red lId cWps 
11 and 12 at a fixed ratio (i.e.. one to one), are assembled together, the anangement of the fourth embedment c^n 
increase the flexibility of the lamp design process. emDoaimeni can 

[0123] In this LED lamp an-ay 500, the LED light sources 52 and 54 Individually produce emissions in respective 
colors at spmially discrete positions. Accordingly, compared to the LED lamp 100 of the first embodir^ent in wShe 
blue and red LED chips 11 and 12 are integrated together within a single envelope, the lamp array 500 mighUesutt in 
ncreased color unevenness. To reduce such color unevenness, LED white and red light sources ^ bra^inJed^ 
m an alternative LED lamp array 600 including stereoscopic clusters as shown in FIG 20 arrangea as 

unlu FH »hL^'T' H f"?.'^*^'^ ""IS- "-^^ '^'"P "^"'«P'« '^'"stere. each being made 

up of LED whrte and red light sources 62 and 64. In each cluster, the LED white light source 62 includes the blue LED 

Te LEDiril'thrrrir ^'^^ '''"'^ ^ -ummescence when 'photoexclted bj the emision^f^'^^ 

blue LED chip 11, while the LED red light source 64 Includes the red LED chip 12. In this array 600. the LED white 

o? LFm^nM 'T^iV °' LED red light sources 64. That is to say, the t^o Jpes 

600 Ac^olrvT ^"'^ ""^"^^'^ stereoscopically at two mutually deferent levels In this L^D l^^p Say 

600. Accordingly, the emissions outgoing from the LED light sources 62 and 64 can be mutually reflected or refracted 
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thus reducing the color unevenness. This LED lamp array 600 is so constructed as to further improve the color mixing 
performance by combining the bullet-shaped LED light sources 62 that have a relatively nan-ow luminous intensity 
distribution with the box-shaped LED light sources 64 that have a relatively wide luminous intensity distribution. 
[0125] As already described for the first embodiment, the LED lamp array 500 or 600 may produce light in various 
colors If the array 500 or 600 includes means for controlling the luminous intensity ratio of the LED white and red light 
sources 52 and 54 or 62 and 64. Also, the yellow emitting phosphor 13 may be replaced with a green emitting phosphor. 
In that case, LED blue-green light sources 52 or 62, each including the blue LED chip 11 and a green emitting phosphor 
that exhibits a luminescence when photoexcited by the emission of the blue LED chip 11, and LED red light sources 
54 or 64, each including the red LED chip 12, may be assembled togetherto form the LED lamp array 500 or 600. 
[0126] In the foregoing embodiments, the blue LED chip 11, made of any of GaN-based compounds (e.g.. GaN, 
AllnGaN and InGaN), is combined with a yellow emitting phosphor. Alternatively, a ZnSe-based blue LED chip may 
also be used. In that case, white light may be produced by getting a yellow luminescence, produced from a ZnSe 
substrate, photoexcited by the emission of the ZnSe-based blue LED chip. That is to say. the ZnSe substrate is used 
as an alternative phosphor then. 

EMBODIMENTS 

[0127] The LED lamps of any of the foregoing embodiments may be combined with a power supply to fonri a lamp 
unit. In the lamp unit, power is supplied from the power supply to the LED lamps. FIG. 21 schematically illustrates a 
structure for a lamp unit 1 000 according to a fifth embodiment of the present Invention. 

[0128] As shown in FIG. 21, the lamp unit 1000 includes: the LED lamps 100 of the first embodiment; reflector 110 
for reflecting off the light produced from the lamps 100; power supply 120 for supplying power to the lamps 100; and 
base 130 coupled to the power supply 120. A number of, typically 10 to 200, LED lamps 100 can be arranged on the 
bottom of the reflector 110. Furthermore, if the reflector 110 is thennally coupled to the LED lamps 100, then the 
reflector 1 1 0 can function as a heat sink contributing to dissipating the heat generated from the lamps 100. As a result, 
the lamps 100 can be used for a longer time. As the reflector 110. either a diffuse reflector (e.g., white light reflector) 
or a mirror reflector (or reflective mirror) may be used. 

[0129] The present inventors confinned that a lamp unit 1000 including about 60 LED lamps 100 had a beam flux 
(i.e., the amount of luminous flux included within a beam angle) of 60 Im, a lifetime of 10000 hours and a luminous 
efficacy of about 30 to 50 InVW. As can be seen, this performance Is much better than that of a known lamp unit (with 
a beam flux of about 60 Im, a lifetime of 2000 hours and a luminous efficacy of about 1 5 Im/W) in which halogen electric 
lamps, not an LED lamp, are combined with a dichroic min-or. Also, each LED lamp 100 included in the lamp unit 1000 
is a semiconductor device and is very easy to handle because the lamp has nothing to do with the filament disconnection 
observed in the known electric bulb. 

[0130] Furthemfiore, where each LED lamp 100 is so constructed as to produce light in variable colors, the light 
produced by the lamp unit 1000 can change Its color arbitrarily. In that case, the circuit 200 shown in FIG. 6 may be 
provided for the power supply 120, to which an AC/DC converter may be added, for example. In the example illustrated 
in FIG. 21, the power supply 120 is equipped with a light color control dial 122 and a brightness control dial 124 so 
that the color and brightness of the light produced are controllable using these dials 122 and 124. 
[0131] In the illustrated embodiment, the LED lamps 100 of the first embodiment are used to fonn a lamp unit. Al- 
tematively. a lamp unit may also be made by combining the LED lamps of the second or third embodiment with the 
power supply 120 or the LED lamp array 500 or 600 of the fourth embodiment with the power supply 120. Also, the 
lamp unit 1000 may or may not include the reflector 110 and base 130 depending on its intended application. Further- 
more, a unit consisting of around 60 LED lamps 100 may be used as a single light source. Optionally, a plurality of 
45 those units may be used at a time. 

[0132] The inventive LED lamp includes a red LED chip. Accordingly, the LED lamp of the present invention shows 
good color reproducibility and can produce desired white light at an excellent luminous efficacy. Also, where the lamp 
further includes means for controlling the luminous intensity of the red LED chip, the lamp can produce light in any 
arbitrary color by controlling the luminous Intensity of the red LED chip. 
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Claims 

1. An LED lamp comprising: 



a blue LED for producing an emission at a wavelength falling within a blue wavelength range; 

a red LED for producing an emission at a wavelength falling within a red wavelength range; and 

a phosphor, which Is photoexcited by the emisston of the blue LED to exhibit a luminescence having an emls- 
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sion spectrum in an intennediate wavelength range between the blue and red wavelength ranges. 

2. The lannp of Claim 1 , wherein the red LED produces the emission at a peak wavelength of 600 nm or more. 

5 3. The lamp of Claim 1 , wherein the blue LED produces the emission at a peak wavelength of between 450 and 470 
nm, and 

wherein the red LED produces the emission at a peak wavelength of between 610 and 630 nm, and 
wherein the phosphor exhibits the luminescence at a peak wavelength of between 520 and 560 nm. 

10 

4. The lamp of Claim 1 , wherein if the LED lamp has a correlated color temperature of 5000 K or more and if color 
rendering performance of the lamp is appraised using a reconstituted daylight source as a standard source, the 
blue LED produces the emission at a peak wavelength of between 450 and 460 nm, the red LED produces the 
emission at a peak wavelength of 600 nm or more and the phosphor exhibits the luminescence at a peak wavelength 

15 of between 520 and 560 nm. 

5. The lamp of Claim 1 , wherein if the LED lamp has a correlated color temperature of less than 5000 K and if color 
rendering performance of the lamp is appraised using a blackbody source as a standard source, the red LED 
produces the emission at a peak wavelength of between 61 5 and 650 nm and the phosphor exhibits the lumines- 
ce cence at a peak wavelength of between 545 and 560 nm. 

6. The lamp of Claim 1 , further comprising means for controlling an intensity of the emission produced by the red LED. 

7. The lamp of Claim 6, wherein the control means is a variable resistor. 

25 

8. The lamp of Claim 6, wherein the blue LED produces the emission at a peak wavelength of between 455 and 465 
nm, and 

wherein the red LED produces the emission at a peak wavelength of between 620 and 630 nm, and 
30 wherein the phosphor exhibits the luminescence at a peak wavelength of between 540 and 550 nm. 

9. The lamp of Claim 1 , wherein the phosphor is a yellow emitting phosphor that exhibits a yellow luminescence when 
photoexclted by the emission of the blue LED. 

35 10, The lamp of Claim 9, wherein the yellow emitting phosphor is either a YAG phosphor or a phosphor doped with 
Mn as a luminescence center. 



11 . The lamp of Claim 1 , wherein the phosphor is a green emitting phosphor that exhibits a green luminescence when 
photoexclted by the emission of the blue LED. 

40 

12. The lamp of Claim 1 1 , wherein the green emitting phosphor is either a YAG phosphor or a phosphor doped with 
at least one element selected from the group consisting of Tb, Ce, Eu and Mn as a luminescence center. 

13. The lamp of Claim 1, wherein the blue and red LEDs and the phosphor are integrated together within a single 
45 envelope. 

14. The lamp of Claim 1 3, wherein a site at which the blue LED produces the emission thereof and a site at which the 
red LED produces the emission thereof are both located in a single chip. 

50 15. The lamp of Claim 1 , wherein an LED light source, which includes the blue LED and the phosphor, and another 
LED light source. Including the red LED, are separately disposed to make a cluster 

16. A lamp unit comprising: at least one LED lamp as recited in Claim 1 ; and a power supply for supplying power to 
the lamp. 

55 

17. The unit of Claim 16, further comprising a reflector for reflecting light produced from the lamp(s). 
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